The leu-500 promoter of Salmonella typhimurium is activated in topA mutants. We have previously shown that this promoter can be activated on circular plasmids in a manner that depends on transcription and translation of the tetracycline resistance gene tetA and insertion of its product into the cell membrane. We have suggested that in the absence of enzymatic relaxation by topoisomerase I, the local domain of transcription-induced DNA supercoiling reaches a steady-state level that leads to the activation of the leu-500 promoter. In the present paper, we have shown that the leu-500 promoter may also be activated in Escherichia coli. Comparison of the closely related pair ofE. coli strains DM800 (AtopA) and SD108 (topA+) shows that the activation is dependent on the presence of a null mutation in topA. We have also shown that activation of the plasmid-borne leu-500 promoter depends, as in S. typhimurium, on the function of an adjacent tetA gene, suggesting that membrane anchorage of the TetA peptide prevents dissipation of transcription-induced supercoiling by superhelical diffusion. The activity of the leu-500 promoter is boosted by placing a divergent tac promoter on the side opposite to tetA. The topoisomer distributions of these plasmids extracted from the cell have been analyzed. We find that when the parent plasmid pLEU500Tc, containing the leu-500 promoter upstream of the complete tetA gene, is extracted from E. coli DM800 (AtopA), the distribution of linking numbers is bimodal. There is a fraction with a lower level of supercoiling (mean linking difference -0.05) that is constant for all plasmids extracted from either AtopA ortopA+ cells. In addition, we observe a second fraction with highly negatively supercoiled DNA (mean linking difference -0.09) only in DNA extracted from AtopA cells. The proportion of the oversupercoiled fraction correlates with the activity of the leu-500 promoter. it is strongly reduced when the tetA promoter is deleted or when translation of TetA is prematurely terminated, while it is increased when the strong tac promoter is present in cis. We suggest that this oversupercoiled fraction represents the proportion of plasmid molecules active in tetA transcription and that it is this supercoiling that activates the leu-500 promoter.
Initiation of transcription requires interactions between RNA polymerase and the DNA template that involve changes in the winding of the DNA helix in both closed and open complexes (2) . For this reason, the function of many promoters is dependent on the prevailing level of DNA supercoiling, and different promoters may respond in either direction to elevation of the level of negative supercoiling (26) . It is also known that the act of transcription may itself affect local superhelix density, in what is known as the twin supercoiled-domain effect (17) ; if rotation of RNA polymerase is hindered in some way, the movement of the transcriptional machinery along the DNA tends to generate a domain of positive supercoiling ahead of the polymerase and one of negative supercoiling behind it. The steady-state level of local supercoiling will result from a balance between the rate of induction by transcription and the rate of relaxation, either by superhelical diffusion along the DNA (which may be particularly important in circular DNA, where the two domains may cancel by diffusion around the circle) or by the action of topoisomerases. In the eubacteria, negative supercoiling is selectively relaxed by DNA topoisomerase I, while positive supercoiling is relaxed by DNA gyrase.
The twin supercoiled-domain model is supported by a number of experimental studies (10, 13, 17, 18, 25, 28, 35, 37) . Thus, transcription and DNA supercoiling are tightly linked in both directions, i.e., supercoiling can affect transcription and vice versa.
We have recently described a system that exhibits both of these phenomena simultaneously that emerged in the study of the activation of a mutant promoter of the leucine biosynthetic operon of Salmonella typhimurium, the leu-500 promoter. leu-500 S. typhimurium was first isolated 30 years ago (22) as a Leu-strain; however, leucine prototrophy could be restored by an unlinked second mutation, supX. It was later shown that the leu-500 mutation was an A-to-G transition in the -10 region of the promoter (15) and that supX was the structural gene encoding topoisomerase I, topA (21) . This clearly implicated DNA topology in the expression of gene function and suggested (24, 32) that the leu-500 promoter might be activated by elevated levels of negative supercoiling arising in topA S. typhimurium strains (29) . However, there were a number of problems with this simple model. First, the suppression of leu-500 was found to correlate precisely with the inactivation of topA, rather than the net level of negative supercoiling measured by extracting a small reporter plasmid, and second, the suppression was not observed when the leu-500 promoter was carried on a circular plasmid (30) . In order to account for these observations, we proposed that the leu-500 promoter was activated by the domain of negative supercoiling arising from transcription of a nearby promoter (16) . In this model (Fig. 1) , the local negative supercoiling arising from the transcription of one gene results in the activation of a second promoter (the leu-500 promoter) to facilitate further transcription.
The model explains the direct dependence on null mutation in topA, because only topoisomerase I can enzymatically relax local negative supercoiling. Moreover, it also explains why the activation did not occur on a plasmid, because even in the absence of topoisomerase I activity, efficient superhelical diffusion and self-cancellation of domains would be expected to reduce the steady-state level of negative supercoiling. However, we demonstrated that the leu-500 promoter could be activated in a topA-dependent manner on a plasmid in S. typhimurium, provided that it was placed upstream of the tetracycline resistance gene tetA (6) . It has been observed that the tetA gene plays a special role in transcription-induced supercoiling in plasmids (9, 25) , believed to be due to membrane anchorage arising from coupled transcription and translation of tetA and membrane insertion of the gene product (19, 20) . Such an attachment of the transcriptional apparatus to the membrane would provide a barrier to superhelical diffusion and allow the local level of negative supercoiling to rise to the point where, in the absence of relaxation by topoisomerase I, it results in the activation of the leu-500 promoter. We have shown that the activation of the leu-500 promoter is dependent on transcription and translation of tetA (6) and membrane insertion of the TetA polypeptide (7) . Moreover, we have demonstrated the existence of a topological domain upstream of tetA in which several promoters can influence the activity of the leu-500 promoter (7 (6, 7) and are described in Table 1 .
Extraction and analysis of cellular RNA. The procedure used here was basically that described previously (6 Leftward tac promoter in EcoRI site 7
were grown in 30 ml of Luria-Bertani medium plus antibiotics to the mid-exponential phase, and the plasmid DNA was extracted by the SDS-alkali method (3). To remove cellular RNA in the sample, 1 ,ul of DNase-free RNase A (10 mg/ml) was added and incubated at 37°C for 15 min. After two phenol-chloroform extractions, the samples were centrifuged through Sephadex G-50 to remove the salts and the plasmid DNA was precipitated with ethanol. The DNA was analyzed by electrophoresis in 1% agarose in TBE buffer containing different concentrations of chloroquine or by two-dimensional agarose gel electrophoresis (5, 36) as follows. DNA was electrophoresed from a single well in an 0.8% agarose gel measuring 20 by 25 by 1 cm. For comparing different samples of DNA, loadings from the same well were staggered by 2.5 h. The first dimension was electrophoresed in TBE buffer containing 1.5 ,ug of chloroquine per ml at 100 V for 22 h. The gel was then soaked in TBE buffer containing 50 ,ug of chloroquine per ml for 6 h, and electrophoresis was then continued at 900 to the first dimension at 100 V for 22 h. After extensive washing in water, the gels were stained in ethidium bromide at 1 ,ug/ml and photographed under UV illumination with red and green filters to remove background fluorescence.
RESULTS
Activation of the leu-500 promoter on the plasmid pLEU50OTc. We have previously shown that the leu-500 promoter can function on the plasmid pLEU500Tc ( Fig. 2 ) in S. typhimurium CH582 (AtopA) (6, 7) . In this plasmid, a 167-bp sequence of DNA from S. typhimurium containing the leu-500 promoter was inserted immediately upstream of the entire tetracycline resistance gene tetA of pAT153. We found that initiation of transcription at the leu-500 promoter depended on the absence of a functional topoisomerase I and the transcription and translation of tetA. We were interested to learn if this promoter could be activated in a similar manner in the related bacterium E. coli.
The leu-500 promoter may be activated on a plasmid in AtopA E. coli. The isolation of uncompensated topoisomerase I mutants has not proved to be possible in E. coli; attempts to select topA mutants have generally resulted in the acquisition of unlinked compensatory mutations that reduce overall chromosome supercoiling to a level below that of the wild type (27, 33) . DM800 is a AtopA mutant of E. coli K-12, with compensatory mutations in gyrB (12) . When the plasmid pBR322 (4) was isolated from DM800, a fraction of the DNA was shown to have very high levels of negative supercoiling (23) . Since we showed that the presence of such a highly negatively supercoiled plasmid correlated with leu-SOO activity in S. typhimurium (6), we reasoned that the same phenomenon might result in the activation of the leu-500 promoter in AtopA E. coli.
In these experiments, we compared the activities of the leu-SOO promoter in two isogenic strains of E. coli that differed only in the presence or absence of the region containing the topA gene (27, 33 SD108 was constructed by transducing topA+ into DM800 (12) . We transformed the plasmid pLEU500Tc into DM800 and SD108, and cellular mRNA was prepared from fresh cultures in the exponential growth phase. Initiation of RNA synthesis was studied by reverse transcription from a primer hybridizing to vector sequences downstream of the S. typhimunium DNA (Fig. 2) and analyzed by sequencing gel electrophoresis and autoradiography. The results are shown in Fig. 3 . We observed an upper band of cDNA arising from initiation of RNA synthesis at the antitet promoter (i.e., the leftward tetR promoter which is located within the tetA gene promoter) and a lower cDNA band corresponding to initiation at the leu-SOC promoter. We saw that the leu-500 promoter has clearly been activated in DM800, i.e., this promoter can be activated in E. coli. However, the activation of the leu-500 promoter is dependent on the presence of the &topA mutation, because it was inactive in topA + strain SD108. By contrast, the antitet promoter was active in both AtopA and topA + E. coli cells. These results exactly parallel the observations in S. typhimurium, suggesting a closely similar mechanism in each case.
The activity of the plasmid-borne leu-500 promoter in E. coli and S. typhimurium as a function of cell growth phase. We have demonstrated activation of the leu-500 promoter in AtopA E. coli cells when cellular mRNA is prepared from cultures in the exponential growth phase. By contrast, no activation of the leu-500 promoter was observed when cellular mRNA was extracted from cultures at the stationary phase (data not shown). Increased negative supercoiling of plasmids carrying the tetA gene isolated from AtopA S. typhimurium and E. coli in the exponential growth phase was detected by in situ chemical probing of reporter cruciform-forming sequences but was not observed in stationary-phase cultures (unpublished data). Taken together, these observations suggest that the generation of plasmid DNA with very high negative superhelicity is growth-phase dependent.
We therefore investigated the expression of the plasmidbased leu-500 promoter as a function of growth phase. RNA was isolated from AtopA E. coli and S. typhimurium cells carrying pLEU500Tc at various times after inoculation of the culture, and initiation of RNA synthesis was analyzed by reverse transcription as before. The results are shown in Fig. 4 . It can be seen that the extent of leu-500 promoter activity (relative to the antitet promoter) varies with the position in the growth curve for both S. typhimurium and E. coli. At short times postinoculation, the level of activity of the leu-500 promoter is low, building to a maximum at about 2 h and diminishing thereafter. Thus, initiation of RNA synthesis from the leu-500 promoter gradually increased during entry into the exponential growth phase and was maximally active at the mid-logarithmic phase. These results correlate well with the observation of very highly negatively supercoiled plasmid DNA only when the cultures are actively growing.
The activity of the plasmid-borne leu-500 promoter in AtopA E. coli depends upon the transcription of tetAl and translation and membrane insertion of TetA. Our earlier experiments have shown that the activity of the plasmid-borne leu-500 promoter in AtopA S. typhimunum depends on the transcription of tetA and translation and membrane insertion of TetA (6, 7). Since we observed that the leu-500 promoter could be activated on a plasmid in AtopA E. coli, we asked whether this similarly depended on the detailed function of tetA.
We first examined the dependence of the activity of the leu-500 promoter on transcription of tetA. pLEU50OTcA1O and pLEU500TcA166 were derived from pLEU50OTc and contain deletions around the promoter of tetA (6) . Construction of the former involved deletion of 10 bp in the tetA promoter, while that of the latter was achieved by removing 166 bp, including both the tetA and antitet promoters. These two plasmids were transformed into E. coli DM800 (AtopA), and RNA was extracted from cultures in the exponential growth phase. Initiation of RNA synthesis was analyzed by reverse transcription as before (Fig. 5) . We observed that transcription from the leu-500 promoter in DM800 was greatly reduced by both deletions, concluding that transcription of the tetA gene was required for the activation of the leu-500 promoter in AtopA E. coli.
Next, we examined the dependence of the activity of the leu-500 promoter on translation of TetA. We have previously constructed four plasmids containing translation termination codons at the NheI, BamHI, Sall, and NruI restriction sites within the tetA gene of pLEU500Tc (6); these generated truncated TetA polypeptides 50, 98, 192, and 298 amino acids in length, respectively (compared with 394 amino acids for the complete TetA protein). These plasmids were transformed into E. coli DM800 (/&topA). RNA was extracted from cultures in the exponential growth phase, and initiation of RNA synthesis was analyzed by reverse transcription as before (Fig.  5) . We observed that the introduction of the termination codons into the coding sequence of tetA reduced the level of activity of the leu-500 promoter, and that there was a progressive reduction in activity of the leu-500 promoter as the length of the TetA peptide was reduced. Thus, the initiation of RNA synthesis at the leu-500 promoter is strongly dependent on translation of tetA in AtopA E. coli. Expression of the leu-500 promoter in E. coli and S. typhimunum as a function of growth phase. RNA was isolated at various times from cultures of E. coli DM800 (AtopA) (A) and S. typhimunium CH582 (AtopA) (B), each carrying pLEU500Tc. Initiation of transcription at the leu-500 and antitet promoters was analyzed by reverse transcription and gel electrophoresis and autoradiography of the cDNA products. These were quantified by phosphorimaging, and the ratio of the level of the leu-500 transcript over that of the antitet transcript was calculated. These values are plotted against the time of growth (C). Cell density (A6w) is also shown. Symbols: E, leu-500 promoter activity in E. coli; 0, leu-500 promoter activity in S. typhimurium; *, cell density in E. coli; A, cell density in S. typhimurium. Lanes: 1 6 . Activity of the leu-SOC promoter on a plasmid in E. coli increases when a divergent tac promoter is inserted. (A) Map of the local region of the plasmid pLEU500P,acbla, which was derived by insertion of the strong tac promoter (transcribing in the direction away from tetA, i.e., toward bla) into the EcoRI site of pLEU50OTc (7). This places the leu-500 promoter in the middle of the domain defined by the divergent promoters tac and tetA4. (B) Autoradiograph of sequencing gel showing the results of reverse transcription of cellular RNA extracted from E. coli DM800 (&topA) in the exponential growth phase. In these experiments, initiation of RNA synthesis was studied with a different primer hybridizing in the region between the tac and leu-500 promoters (7); transcription initiating at the leu-SOO promoter generates the band indicated by the arrow on the right. Promoter activity was analyzed as before by reverse transcription from cellular RNA extracted from cells containing pLEU50OTc (lane 1, i.e., the plasmid lacking the tac promoter) or pLEU500Ptacbla, the plasmid carrying the tac promoter (lane 2). Note the significant increase in the level of activity of the leu-500 promoter in the plasmid carrying the strong tac promoter. membrane of the cell. This plasmid was transformed into E. coli DM800 (AtopA), RNA was extracted from the culture in the exponential growth phase, and initiation of RNA synthesis was analyzed by reverse transcription as before (Fig. 5) . Deletion of the N terminus of the protein was found to reduce initiation of transcription at the leu-500 promoter by a significant factor. We conclude that TetA membrane insertion plays an important role in the activation of the leu-500 promoter in /AtopA E. coli. All of the plasmids described above were transformed into E. coli SD108, but no activation of the leu-500 promoter was observed in the topA + strain for any construct (data not shown).
The activity of the plasmid-borne leu-500 promoter in AtopA E. coli is boosted by a strong divergent promoter. In an earlier study, we showed that transcription from the leu-SOC promoter in AtopA S. typhimurium was affected by the leftward transcription and translation of the bla gene, although tetA still had a dominant effect (7) . Deletion of bla and premature termination of ,B-lactamase translation reduced the level of activity of the leu-500 promoter, while insertion of the stronger tac promoter (11) behind the bia gene (generating the plasmid pLEU500Pt,,bla [7] ) resulted in an increased level of initiation at the leu-500 promoter.
pLEUSOOPtacbla was transformed into E. coli DM800 (AtopA), RNA was extracted from the culture in the exponential growth phase, and initiation of RNA synthesis was analyzed by reverse transcription as before (Fig. 6) . Initiation of transcription at the leu-500 promoter in pLEU50OPtacbla was increased four-to sixfold over that in pLEU50OTc. Thus be modulated in both directions by affecting other transcription units in cis. We could detect no initiation of RNA synthesis at the leu-500 promoter in pLEU50OPt,cbla in E. coli SD108 (topA +) (data not shown).
A fraction of tet4-containing plasmid DNA is oversupercoiled. Analyses of the distribution of topoisomer linking differences of plasmids containing the tetA gene have revealed that very high levels of negative supercoiling are achieved when the DNA is isolated from AtopA cells in the exponential growth phase, both for E. coli (19, 23, 25) and S. typhimurium (6) . We therefore investigated how the activation of the leu-SOC promoter is related to the fraction of oversupercoiled DNA.
The plasmids pLEU50OTc (the original plasmid with the leu-500 promoter upstream of the complete tetA gene), pLEU 50OTcA1O (tetA promoter deleted), pLEU500tetA.terNheI, pLEU 500tet4.terBamHI, and pLEU500tetA4.terSall (each containing a termination codon at the indicated restriction site within the tetA gene), and pLEU50OPt,,bla (containing a leftward tac promoter in the EcoRI site) (6, 7) were extracted from DM800 (AtopA) in the exponential growth phase and analyzed by electrophoresis in 1% agarose in TBE buffer containing 2 ,ug of chloroquine per ml (Fig. 7) . The distribution of pLEU50OTc topoisomers was distinctly bimodal, with a fraction of extremely highly supercoiled DNA. This is closely similar to the pattern of pLEU50OTc topoisomers isolated from S. typhimurium (6 percoiled fraction of pLEU500Tc and pLEU500P,g,bla extracted from E. coli DM800 (AtopA) in the mid-exponential growth phase. These natural topoisomer distributions were compared with a marker distribution generated by topoisomerase relaxation of pLEU50OTc in the presence of ethidium bromide; the topoisomer with a linking difference of -20 is indicated (established by band counting on a series of one-dimensional agarose gels). The first dimension was electrophoresed in the presence of 1.5 ,ug of chloroquine per ml, and the second dimension was electrophoresed in 50 ,ug of chloroquine per ml. The samples were loaded in the order pLEU500P,acbla, pLEU50OTc (extracted sample), and pLEU50OTc (prepared marker distribution), with 2.5 h of electrophoresis in the first dimension between loadings. The bands marked N contain nicked (form II) plasmid DNA. fraction of oversupercoiled DNA was observed in pLEU SOOPtacbla. Thus, there is a reasonable correlation between the fraction of oversupercoiled DNA and the activity of the leu-500 promoter for the different plasmid constructs, suggesting that the observed linking difference changes in topoisomer distributions are related to the activation of the promoter. The fractions of lower supercoiling were similar for all of the plasmids studied, and indeed the linking number distributions of these fractions (mean specific linking difference of -0.05) were similar irrespective of whether the plasmids were isolated from either AtopA or topA+ strains.
The linking differences of the highly supercoiled fractions of pLEU50OTc and pLEU500Ptacbla from AtopA E. coli were compared by two-dimensional gel electrophoresis of topoisomers (36) . Supercoiled DNA purified from cultures in the exponential growth phase was electrophoresed in 0.8% agarose in 90 mM Tris-borate (pH 8.3)-5 mM EDTA containing 1.5 p.g of chloroquine per ml in the first dimension and in the same buffer containing 50 ,ug of chloroquine per ml in the second dimension (Fig. 8) . The linking number distribution of the more supercoiled fraction had a mean specific linking difference more negative than -0.09, and this was closely similar for the two plasmids, suggesting that the main effect of adding the tac promoter is to increase the proportion of oversupercoiled DNA rather than its degree of supercoiling. However, with longer photographic exposure of the gel, it was possible to observe a very minor fraction of pLEU50OPtacbla
DNA that exhibited extremely high levels of negative supercoiling. However, this fraction was incompletely resolved, even when electrophoresis was performed in the presence of 150 [ig of chloroquine per ml.
DISCUSSION
These studies have shown that the activation of the leu-500 promoter is not restricted to Salmonella typhimurium but can be accomplished in E. coli. Activation of the plasmid-borne promoter has identical requirements in the two strains, i.e., for a functional tetA gene in cis and for the host cell to be topA, thereby having little topoisomerase I activity. The close similarities strongly suggest that the same mechanism is involved, i.e., that the leu-500 promoter is activated when localized negative supercoiling generated by transcription of a nearby gene is insufficiently relaxed either by enzyme action or by diffusion. In addition to providing an indication of generality, the studies of the phenomenon in E. coli are important because we were able to use isogenic strains differing principally in their topA genotype. The activation of the leu-500 promoter in DM800 (zXtopA) but not in SD108 (topA +) proves that the topA gene is playing a direct role in the process. Although both of these strains carry mutations in gyrB (12, 27) , these are clearly not significant in modulation of leu-500 promoter activity, as the model predicts.
The model for the activation of the leu-500 promoter is based on local changes in DNA supercoiling, and this is consistent with the correlation between promoter activation and the observation of oversupercoiled plasmid DNA in both S. typhimurium and E. coli. However, tetA-carrying plasmid DNA isolated from the topA strains, unlike that isolated from topA+ strains, consists of two fractions (6, 19, 25) . Part of the plasmid DNA is supercoiled to approximately the mean level observed for DNA isolated from topA+ strains, while the remaining DNA is very highly oversupercoiled. There are two ways in which the oversupercoiled fraction might be related to the extent of observed leu-500 promoter activity. This fraction probably represents the proportion of the multicopy plasmid molecules actively engaged in transcription at the time of isolation. The degree of transcriptional activity in the plasmid (tetA, bla, or tac) might influence the relative proportion of this oversupercoiled fraction, its mean superhelix density, or both. The activity of the leu-500 promoter might in turn respond to any of these changes in template topology. Our results best support the idea that increased transcriptional initiation, by inclusion of a stronger promoter such as tac (11) , generates a higher proportion of the oversupercoiled fraction, leading to a greater number of activated leu-500 promoters per cell. However, the observation of a minor fraction of exceptionally highly supercoiled pLEU500Pt,cbla DNA from topA E. coli suggests that inclusion of the strong tac promoter can exert some influence on the superhelix density of the transcribed fraction. Experiments using supercoiling-dependent structural transitions in reporter sequences demonstrate that extremely high local levels of negative supercoiling are generated in plasmids that carry the tetA gene (unpublished data).
In summary, our results support the mechanism of activation of the leu-500 promoter by transcription-induced supercoiling, showing the critical role played by null mutation in topA. 
